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ABSTRACT (ONGERUBRICEERD)

Atmospheric structures can be measured with incoherent optical isdms (idars). Because these structures

drift with the wind, they can serve as a tacer for remote sensing of the wind vector. For this purpose, a dual

monostatic scanning lidar system is available to measure the atmosphere simultaneously in two different

directions over a maximnum range of about I kin. The transit time of identified patterns between two sensing

points in the horizontal plane provides in combination with the geometry of the lidar, sufficient information

to derive the horizontal wind vector. The method is based on cross-correlation techniques. To determine the

spatial wind vector as a function of altitude it is sufficient to measure in three different upward directions.

This can be realized with a triple lidar or with a single lidar by meauring consecutively in three different

direction and using an equivalent but more extended inversion method.

iThis report describes the main activities carried out for the project 'DWARSWIND in the period January

1991 - March 1992. Afkr a summary of a short literature study, some theoretical aspects are described such

as: the vector representation of the dual lidar in Cartesian coordinates, a method to derive the wind vector,

the characteristic life time and the characteristic size of the structures from a set of lidar m. A

selection of experimental results are presented. For example, the calculation of the horizontal wind vector at

an altitude of 15 m and the wind vector up to a altitud of 1000 m.



Page
3

npport no. FEL-93-A040

tilsiMetea van de windvector met can hicaberente lidar

aubw(s) Jr. 0J. Kunz

koehat . Fysisdi en Mekbomisch Laboratouium TNO

MUM ~ augustu 1993

WDo-opchr.no. A90IK696

no.inkvI'p 3 715.1

Ondmszok Wigavoed o.lv.

Ondsmosk -koo door:

SAMENVATTING (ONGERUBRICBERD)

Met behuip van ecu incoherente lidar (optdsche radar) kunnen atmosferische strukturen gedetecteerd worden.

Omdat dewe strukt~uren met de wind meedrijven kunnen ze gebruikt warden als hulpinddel voor hot op

afstand bepalen van de winidvector. Een monostatiac tweevoudig lidarsystemn is beschikbaar om geijktijdig

in twee, verschilleude richtingen to kunnen metes over een berelk van maximaal 1 km. Uiz de looptijd van

herkenbare serosol-strukturen tussen twee meetpunten in hk.t horizontale viak en de geometric van de lidar,

kan mut behuip van knfiwcorelatie de windvector warden bepeald in het viak waarin de metingen worden

uitgevoerd. Om de windvector ala functie van de hoogte te bepalen is het voldoende am in drde verachillende,

ricbtingen chuin oinboog te meten. Dut kan gerealiseerd warden met emn drievoudige lidar of miet een

eakolvoudige Wiar die achtereenvolgens in drie vermchillende richtingen meet.

Dit rapport bowachijft de hoofdactiviteften zoals uitgevoerd in het kadr van het project 7DWARSI"IDW in

do periode januari 1991 - imaart 199. Na eon beknapte literatuur studio warden ninge thooretische aspecten

beachreven zoals am vectorille voorstelling van do Miar in het Cartesiaanse assenstelsel en cen methode, am

uit amu so lidar metingen do windaneiheid to berekenen. Tevens wordt aaugegeven hoe van do atmosfcrische

strukturmn do kmktaeristicek grootte en do karaktezistieke levensdnur bopaald kunnen wordon. Tenslotte

warden enige resultaten geprometeord die met do lder zajn vuskregen, zoals do horizontal., windvectar op

amn boogme van ca. 15 m en do ruimteijko wiadvectar tot op eon hoop.e van maximmal 1000 m.
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INTRODUCTION

Wind is an important meteorological parameter, which is generally measured, e.g. by in situ

mechanical and/or acoustical sensors (uluasonic anemometers). In those situations where the

wind vector as a function of altitude is required, for instance for the prediction of ballistic

trajectories, balloon measurement can provide the required information. Currently, it is also

possible to use remote sensing techniques like Doppler radar (e.g. Vaisala Model 400) or lidar to

measure the wind vector. The advantage of lidar is that, in the future, more tasks can be combined

within one optical system. For instance, for meamuring range, visibility, vertical structure of the

atmospheric extinction and wind vector as well.

It has been shown, among others, by Zuev et al. (1973), Eloranta et al. (1975), Sasano (1985),

Eloranta and Schols (1990) and Kunz (1991), that it is possible to measure dynamic atmospheric

structures with incoherent optical radars (lidars). If it is assumed that these structures drift with

the wind, they can serve as tracers for wind measurements. The aunospheric structures are

characterized by a different aerosol concentration and/or by a different refractive index with

respect to its surroundings. The sizes of these structures vary from millime res, as proven by

Frehlich (1988) to kilometres as shown by Hardy (1969), Konrad (1970), Zuev et al. (1977),

Sasano (1985), Hooper and Eloranta (1986) and Kolev et al. (1988). Life times of the structures

are in the range from a few seconds to tens of seconds and more as measured, e.g., by Zuev et al.

(1977) and Derr et al. (1979). Balin (1990) mentioned that the size of the structures depends on

the wind speed and on the temperature. It has also been shown e.g. by Hardy (1969), Konrad

(1970), Batten (1973), Noonkester (1976) and Brookmer (1977) that these structures can be

detected by radar.

"Thne principle to derive the wind vector from a set of incoherent lidar data is best illustrated in a

one-dimensional space. In that case, the structures move along a line and their velocity, their

characteristic life time and their characteristic size can be inverted from the time behaviour of the

structures measured at two different locations (note that one range bin of a lidar waveforn is

equivalent with one point-sensor). TIe cross-correlation of the two time series and the separation

between the sensors provides a direct measure for the parameters mentioned. It is evident that the

quality of the calculations depends on the dynamics (life-time) of the drifting structures.

By means of two lidars, which operate simultaneously in one plane, the moving structures can be

detected subsequently at different locations. The displacement can be visualized by plotting the
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data in a time versus range map (assuming that the structures move only in this plane). The ratio

of the vectorial displacement of identified structures and the time difference of detection, provides

a direct measure for the wind vector.

Instead of two line-sensors (lidars), one can also use three point-sensors to determine the wind

vector in a plane. In that case, the geometry of the sensors and the mutual cross-correlation of the

measured time-series, can also provide the wind vector in that plane. The three-point method can

also be simulated with one lidar by measuring subsequently in three different directions. This

method has been described by e.g. Eloranta (1990) and Matvienko (1990). CLrnesha (1981) noted

that this method has already been applied in 1949 to map moving ionospheric structures at radio

frequencies. Contrary to what is generally assumed, the three sample points need not necessarily

be in a horizontal plane, as will be shown.

After a successful lidar experiment, the calculation of the wind vector can be considered as a

complex signal-analyses problem with large amounts of data. From the literature two different

variants of inversion methods are distinguished:

1. direct correlation of the structures measured at two or three positions as described by Briggs

(1950), Phillips (1955) and Briggs (1968). Ferdinandov (1982 and 1984) took into account

the atmospheric attenuation.

2. indirectly by transforming the range versus time data sets into wavenumber versus time

using the Fourier transform. The drift of the patterns can now be inverted from the phase

shift of the spectral components in consecutive lidar returns (cross spectral phase shift). This

method has been applied by Stroga (1980) and Hooper (1986). The mathematical basics

have also been described by Stull (1989).

This report descnrbes the main activities performed in the first period of the project

'DWARSWIND'. Geometrical and theoretical aspects are discussed with respect to the dual Widar,

with emphasis on calculation of the wind vector. Some typical experimental data will be

presented and elaborated to illustrate the data format and the potential of the system for wind

measurement. The properties of the lidar in question have been described in an earlier report by

Kunz (1990). Secondary activities, like programming of a hardware fast Fourier transformer and

an analysi of the noise properties of the receiver, have been described respectively in Kunz

(1992a) and Kunz (1992b).
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2 VECTOR REPRESENTATION OF THE DUAL LIDAR

The purpose of this section is to define the vector representation of the dual lidar in Cartesian

coordinates.

A simplified line model of die nonostatic dual lidar system, with the two beams and the axes of

rotation, is shown in Figure 2.1. The large box represents the main lidar and the small one

represents the auxiliary lidar which has been mounted on top of the main lidar. The main lidar can

rotate around an horizontal axis r, e.g. for adjustment of the elevation angle during vertical scans.

The auxiliary lidar has been mounted on the main lidar such that it can rotate around the axis R for

changing the angle between the two lidar directions. Axis V is perpendicular to the upper plane of

the main lidar. The two lidar beam axes 1 and m are always parallel to this plane. Thk lual lidar

has been mounted in a jack which can rotate around the vertical axis z for pointing the whole

system in any desired azimuthal direction. By scanning both in elevation and in azimuth, the

system can probe the whole hemisphere.

PI

x

Figure 2.1: Simplified line model of the monostatic dual lidar system with an indication of the basic
vectors.
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Figure 2.2 shows the representation of the dual lidar in the Cartesian coordinate system. The x-

axis and the y-axis define the horizontal plane. The z-axis is perpedicular to this ground plane

and points at the zenith. Note that the azimuth angle in the Cartesian coordinate system is

measured counter clockwise with respect to the x-axis while the wind direction is measured clock

wise with respect to the North. The elevation angle is measured with respect to the ground plane.

M "

E

Figure 2.2: Vector rwesematinw of most major axes of the dual lWdar system and definition of the
;refeence -=.

The definition of the vectors and the angles is as follows:

u unit vector in the measuring direction of the auxiliary lidar

- unit vector of the elevation ais, parallel with the ground plane

m = unit vector in the measuring direction of the main Hdar
it - unit vector of the rotation axis of the auxiliary lidar

- unit vector in the direction of the wind
= unit vector in the direction of the North

S- unit vector in thde dhrt of the West

= unit vector in the vertical direction
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o, = azimuth angle of the main lidar

o,- = elevation angle of the main lidar

o, = azmuth angle of the auxliary lidar

o,, = elevation angle of the auxiliary lidar

0 = angle betweemain lidar and auxiliary dar

The measuring direction of the main lidar, n, is given by:

=I cos(m) 005(0
cos(o:) sin(o") (2.1)

Because m is expressed as a unit vector, the z component is equal to the sine of the elevation

angle whereas the tangent of the azimuth angle is determined by the quotient of the x and the y

component.

The axis of rotation for the elevation, r, is perpendicular to the direction of the main beam, m, and

parallel to the ground plane. Thus one can write:

. m = 0 (2.2)

The coordinates of the unit vector g are therefore:

Ssin(•,M)
= -cos(O.) J (2.3)

0

The measuring direction of the auxiliary lidar, , is determined by the measuring direction, m, of

the main lidar and the angle, 0, between the two lidar systems. Because r and M form a

rectangular coordinate system, the vector a can be expressed as:

a = m cos(O) + " -sin(O) (2.4)

The actual direction of the auxiliary system can now be found by substitutng (2.1) and (2.3) in

(2.4). This results in:

os() , oS(Owd) "cOs((w) + sin(O) sin(0an)(
S= ,:e)- cos (O M (O.) - si(e) CS(0a, (2.)Cos(()) • Si(Oan)
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Addition of the squared components of (2.5) shows that A is indeed a unit vector. As a result, the z

component of a is equal to the sine of the elevation angle of the auxiliary system whereas (the

tangent of) the azimuth angle is determined by the quotient of the x and the y components. Thus

we obtain for the sine of the elevation angle of the auxiliary lidar.

sin(oas) - cos(O)- sin(oe:) (2.0)

and for the tangent of the azimuth angle of the auxiliary lidar we find:

cos(O) cos(oan,) sin(o.m) - sin(O) cos(om)tan(au) = 27
cos(O)- cos(Oe) " cos(o.,) + sin(e), sin(o..)

The axis of rotation of the auxiliary lidar, g, perpendicular to the main lidar is found from the

vector product of A and m, as pointed out in Figure 2.2.

P = axm(=gxm) (2.8)

Substitution of (2.1) and (2.3) in (2.8) provides the coordinates for the vector R:

I sin(0m) "cos( )
'= sin(0Z) sin(wn) (2.9)

cos(0m)

To complete Figure 2.2, the lines ME and OE ae calculated with:

Mr+" (- m) = It" ,' (2.10)

in which y and ji are the length of respectively ME and 'nE.

Because the z-component of 1 is zero, the value of y can be found by substituting the z-

components of (2.1) and (2.5) in (2.10). This results in:

1
(2.11)

1 - cos(O)

Substitution of (2.1), (2.5) and (2.11) in (2.10) provides the following equation for g:

A" sin(aM) -= os(0M) CO0(,0) +

+ cos(O) •cos 1 ) - cos()- ,) + uin(O) - ain(a,) - cos(a=)- cos(om)
1 - cos(e)
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which leads to:

si(() (2.12)

1 - cos(O)

Concluion
The vector notations of the measuring directions of the dual lidar system and the axis of rotation

of the auxiliary lidar, on top of the main lidar, have been derived. The azimuth and elevation

angles of the auxiliary lidar have been expressed in the azimuth and elevation angles of the main

lidar and the angle between the axes of the two systems.
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3 WIND VECTOR EXPRESSED IN THE SPATIAL POSITIONS AND THE

TIME OF FLIGHT OF IDENTIFIED STRUCTURES

The principle of sensing the wind vector remotely with an incoherent lidar is based on locating of

moving patterns in time versus range data sets. With the dual lidar, two of these sets can be

recorded simultaneously. If corresponding signatures can be identified in both data sets, the wind

vector can be calculated from the locations, the actual time of the measurements and the geometry

of the system. The objective of this section is to derive equations for the wind vector based on

those parameters.

It is assumed that the structures drift linear in time and space (during the measurement period)

along the wind vector W. as illustrated in Figure 3.1.

P

x PRINCIPLE of WIND MEASUREMENT

Figure 3.1: Thiee-dimemsional sketh of an atmosperic strcture drifting with the wind. indicated are
the reference position UQ(the wnvector F. and die position of die strcture bt) at
time t.

A __ ___ ____ ___ ____ ___ ___
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The position P of such a stucture can be descibed in the time-space domain according to:

E(t)E ) + (t-t0 ) (3.1a)

Writing Et) explicitly in the three orthonornal directions gives:

lX(t)I POX(t,) + (t-t) -W-cos(c6rjcoa(OL I3l
E(t)= Y(t) = .Poy(to) + "t-t') - os )'sinSM (3.1b)

Z(t)' P;(to) + (t-to) "W.in(cr)

in which

-e - elevation angle of the measurement

aa = azimuth angle of the measurement

Po- arbitrary reference position

W = wind vector

W - wind speed (modulus of M)

The principle of the measurement and the method of the data analysis has been visualized in

Figure 3.2. The two Iidars measure simultaneously the atmospheric structures (which drift with

the wind) in two different directions. Each waquired waveform, both from the main lidar and the

auxiliary lidar, represents a range dependent atmospheric reflection. The waveforms are plotted

vertically in false colour (or in gray tones) in the corresponding figure. Consecutive measure-

ments are plotted along the x-axis. If the repetition rate of the lidar is high enough, the

displacement of the structures is uncovered from t&• range versus time figures.
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I j DUAL LIDAR

Trfl9 Results of idmir m range Restults of lidara

time time

IF*=w 3.2: 7Ue meaummewl prdincpl of fth dai lidar ad the metod of pmeming the dat as a

f th main lidar dewects a ftructur at mwomw tm tat range R.m d=a tie positio of thae structur p

vn& msw to wb~ay refmw aswurement.I

MwTh fw lidar detect thi structure at momen t5 and at rangReR. This can be descried as:
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in which & is the unit vector in the mearing direction of the auxlisay lidar at mxneut tg.

If it is assumed that the ptterns drift linear in the apace-ime domain (e.g. no rotation) and that

the dimotion due to the different crioss sections of the laser beams is small, ft wind vector can be

found from:

w = (ta) (3.4)
(tat-)

Substitution of (3.2) and (3.3), while eliminating the reference position, gives:

w = R &(o- mMt)(3.5)
(t,-m)

Substitution of (2.1) and (2.5) in (3.5) leads to the solution of the wind components in the three

directions of the orthonormal system:

w, = A I•I cos(aV,)- cos(o,) =

R, [cos() . cos(0•id • cos(0,..) + sin(O) sin(0o,,)] (

(ta tM)

Rm *cos(0..m,t) , co(0arntro)

(ta- t,)

Wy = INwI .COON( sin(a)

, [cos(O) • cos(,,,) • sin(,,,) - sin(O) co,(,,,)] (3

(ta t-.)

(ta ( t)

Ra-cos(O) cos(0eot) - sin(O" -tm - in(oej~)3

(ta - t(M)
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where:

IM!I - W modulusofw
9 - angle between the main dar and the auxiliy dar

o,,. = elevatin of the main lidart the moment ta

o,,, - azimuth of the main lidar at the ammntt

The wind speed IwI cam be calculated fom

IWI . 4(W.2 + W.2 + W. 2) (3.7)

The horizontal wind direction can be calculated from W. and W, according to:

Ua 2x - arctan(Wy/W.) (3.8)

The term 2x is required because the wind direction is defined clockwise with respect to the North

while the angles in the Cartesian coordinate system are measured counter clockwise; it is assumed

that the x-axis is parallel with the North.

The vertical direction can be calculated by:

Uz=arcsin(W/IwI) (3.9)

Conclusion

Equations have been derived to expres the wind vector in measurble quantities of identified

strucures and the geometry of the dual lidar.

A _ _ _ _ _ _
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4 CALCULATION OF DRIFF VELOCITY, CHARACTERISTIC LIFE TIME

AND CHARACTERISTIC SIZE OF THE STRUCTURES USING

CORRELATION TECHNIQUES

4.1 Introduction

In the previous section, a aigtforward method has been presented for calculating the wind

vector in a plane using the dual lidar. Apart from the wind vector in the three dimensions, it is

also possible to determine the characteristic properties of the structures using a more extended

analysis. This is discussed in this section.

The principle of inverting the wind vector from the drift of atmospheric structures using an

incoherent lidar, is based on the work of Briggs (1950). At that time, the drift of ionospheric

nregulWaies was determined from the temporal behaviour of reflected radio waves, observed at

three different locations (three-point measurement). Tha principle is also applied here to

determine the wind vector from lidar measurements, but keeping in mind that the lidar will

provide information as a function of range (line-sensor).

The subject of determining the wind speed and the characteristic properties of the structures with

lidar in a one-dimensional space will be discussed first. This is followed by a description of a

method to invert the parameters with two point-sensors in a one-dimensional space which is

fundamental for calculating of the wind vector in a two- and in a three-dimensional space.

4.2 One-dimensional situation with a line-seno

With a lidar, a profile can be measured along a line within a fraction of a second. This technique

has been sketched in Figure 4.1.

<p
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C ~-

SLIDAR ... ,'-F'- ......- '-"J--

laser pulse eddy

Figr 4.1: Principle of neasuring patems with lidar in a inu-sional space.

A simulated lidar signal is shown in Figure 4.2a where the attenuaton of the laser beam over path

of inteest will not be considered here. After range-coreion and subtraction of the running mean

(called 'deenting', after Smll, 1989), only the profile is left. This is shown in Figure 4.2b. First,

the charactueitic size and the charactmistic life ime of the structures are derived from these data.

a b

'do
EE

NF-I

* O z
S " '10

RANGE Ib km RANGE in km

Fqgure 4±2 lMcdv. eaunti, o a the anopld muclv as reassre with Rider (a). The :mie sigal
abs dmremh having t meme miy (b).

i ! .. . . .. .. .. . .. .



page
20

According to Briggs (1950) the characteristic me of the stuctuos is determined at the 50%

height points of the spatial atocelation fiction. Ibis is shown in Figure 4.3.

P

1.00 -

0.50 ------ ' ...-

0.00

0 xc

Figr 4.3: Fictive example of the spatial wocoarlmion function of a lidar reunm. The characteistic
size of th sutie, -xi, is determined at dhe 50% points of die maximum value (Full Width
Half Maximm).

If the stuctures vary in time only (no drift) than the maxmnu value of the cross-correlation

function of two successive records (same paths but different times) demeans with increasing tm

between the measurements. According to Briggs (1950), the characteist life time is equal to the

tm delay between two successive records of which the (temporal) cross-correlation reduces to

50%. Figure 4.4 shows a simulatio of the variation of the cross-correlation a a function of the

time delay between two records and the principle to desmin the characteristic life-time, tc.
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FWgre 4.5: Spatial cms-comrelation functions for a fixed number of time shifis (a). Top view of dhe
spatil cmelon functions (b). Lines of equal coaeltion if the ime between sumccesive
recods is very small (c).

According to Brigisp (1950) and Znev et al. (1977), the lines of equal correlation wound the

maximum value of an iso-correlogr•n can be characterized by elipses. The 50% iso-corrielaion

ellipse detarmints the characteristic size, x=, and the characteristic le time, tc, respectively at the

hozizeMu and the xeai tangent to the ellipse at altitude 0.5, as shown in Figum 4.5c.
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In the next step, we mame that the structes in our one-dimensional space will also drift with a

constant velocity. This mens dta the temporal variations in the stuctuwes, as measured with the

lidar, am caused by two independent effects: drift mad turbulence. Due to the drift, the (peak of

the) spatial cross-correlation function of two records is shifted somewhat in space, as shown in

Figure 4.6a (time axis perpendicular to the figure). Mh shift is equal to the product of the drift

velocity and the time delay between the measuremnts. Due to turbulence, the maximm value of

the cross-correlation function has been decreasd. If the spatial cross-correlation functions are

plotted in vertical planes, separated by time intervals of At, again a quas three-dimensional
correlogram arises. The top view or the projection of that correlogram, in which the points of

equal correlation are connected by dashed lines, is shown in Figure 4.6b. Figure 4.6c. shows the

projection of correlogram if the time can be changed continuously.

Due to the drift of the suuctmes, the axes the of the iso-cross-correlation ellipses are rotted

somewhat as can be seen in Figure 4.6b and 4.6c. Nevertheless, it is still possible to determine the

characteristic life time, to, the characteristic size, xc, and the velocity, V, of the drift from this

figure as will be shown in the next section.

If there was no drift, the characteristic life time and the characteristic size were detemined from

the intercepts of the ellipse, with a correlatiom value of 0.5, with respectively the vertical and the

horizontal axes. But in the presence of drift, the initial intercept of the ellipse with the vertical is

shifted in the horizontal direction by an amount equal to the product of the drift velocity and the

time delay. This means that in the presence of drift the characteristic life time, tc, is determined by

the horizontal tangent to the ellipse with correlation value of 0.5. Because there is no shift in

horizontal direction on the x-axis (t-0), the characteristic size, x., is given by the intercept of this

ellipse with the horizontal axis.

The drift velocity, V, can be determined fiom the ratio of the charctristic size and the character-

istic life time but it is also posbl to use the horizontal intercept of any other ellipse and its

wertcal tangent.

CAW : The two-dimensional time-spece correlogran, as derived from a set of consecutive
lidar measurements in a - space, provides both the characteristic properties of the

sutuctures as well as their velocity. The technique discussed here can be applied to determine the

radial wind in de horizontal pm.
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4.3 One-dimensional situation with two point-sensors

With two point-sensors, it is also possible to derive the chaatristic life time, the characteristic

size and the velocity of the suacture. This situation occurs e.g. when the dual lWdar is used for

cross-wind measurement as a function of altitude, as shown in Figure 4.7. If the wind direction is

known, than the path between the sensors (sampling points) is defined.

eddy X0

height ,

laser
pulse

I /

DUAL LIDAR

Figme 4.7: Schematic set up for measuring the cross-wind peed as a function of height with a dual lidar
system.

At the moment, the objective is to determine the wind speed, given the wind direction and the

distance between the point-senson, xo. Random structures move along the one-dimensional path

and we recorded as time seies fr•m two different locatimns. For the determination of the wind

spe, the time series from those two locations are crosw-cvrrlated. The quoient of the distance

between the sensing points and the time shift where the maxinaum cross-correlatm occurs,

provides the drift velocy.

The determination of tde characteristic size and the charactistic life time is somewhat differeat.

From the point of view of the two-dimensional crous-correogram, as shown in Figure 4.6, only
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two temporal autocorrelations ame available (which should be identical if the structures can be

described with an ergodic process) and one temporal cross-conrelation function. This has been

sketched in Figure 4.8.

a b t

1-------m.~coreInti - ------

/

* /
•-...."" P' Pm .- , to

i / - -
* /'

, * . t I /

ti to /

Figure 4.8: Autocorrelation and cross-corlton functions of two time series measured at two different
locations (a) and their positions in the two-dimensional correlogpram (b).

The inversion of the drift velocity and the characteristic properties of the structure is straight

forward but requires extensive mathematical evaluation. Therefore only the necessary basics of

the solutions will be discussed here. The full derivation of the two different methods have been

elaborated in the Appendices A, B and C.

The analysis is based on the assumption that the is-orlton lines can be described by ellipses

(see Figure 4.5 and 4.6) asdsu sse by Briggs (1950) and Zuev at al. (1977). As shown in Figure

4.8b, the autocorrelation functions of the time seie measure with the two point-semnsr are

plotted in the vertical plane at x-0 (the results should be identical for the two time series). The
cross-correlation function is plotted in the vertical plane at x-x0 which is equivalent with the

distance between the sensors. The objective is to derive both the characteristic size and the
characteristic life time of the ctructrles as well as the drift velocity. This is done by calculating

the lengtheos of the of the ellipse and the angle of rottion.
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A fictive iso-cross-correlation ellipse, constructed from the antocorrelation function and the cross-

correlation fnctim a shown in Figure 4.8b, provides the coordinates (xot) and (0.tl). A lengthy

algebra, which has been elaborated in Appendix B, provides the following results expressed in

direct measurable quantities:

The characteristic life time:

t,= -q(tO 2+tI2) (4.1)

The characteristic size:

XO= * to2 2) (4.2)

The wind speed:

V1=(to2+t,2)(4)

If it is dif&ul to determine the maximum value of the cross-correlation function than it is also

possible to use the value of this function at t=0, the time shift tj where this function becomes

again equal to the ftnction value at t=* and the time shift t2 where auocorrelation function value

(0.5) is equal to the cross-correlation value function at t=0. With these three coordirates one can

also calculate the characteristic size, the characteristic life time and the drift velocity. The algebra

has been elaborated in Appendix B and the results are given in (4.4) to (4.6)

The characteristic life time:

= 2ct2  (4.4)
T(4V2 - t1

2)

The characterit size:

x= x1 (4.5)
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The velocity of the drift

tl. xl
v (-?(4.6)

(2t2
2)

In the one-iensioal situation, the wind sed and the chaacteristc properties of the eddies

can be derived from the time sermes of the data recorded with two point-sensos some distance

apam. The objective is reached by analysing the auto- and cross-corefion functons obaned

from recorded data sets. 7he only requirement is that the time series are long enough to describe

the patterns with suficient stat l relia ty.

4.4 Two-dm=sonal simution with two line-sensors

The horizontal wind speed and wind direction can be inverted from two sets of lidar

measurements ecorded simultaeously in two different directions as shown in Figure 4.9.

/"

/

\:/

DUAL LIDAR

Figure 4.9- Set on for ft oroaWl wind vecor. Te time sa-iw at poI n .r os

scmun value dewermies mof pat a. Mm fame sees with f bqw
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The calculton starts with the tie s~erie of the atmshei beckacatte at rnge Rm. Thi tim

series is crs-oreae with all available time series as measurod with the second lidar. Fromn

theset of I.L53CiI•~' functions, the one which provides th largest crosscrelto value

indicates the poito 1t. The time delay, of the mauizmz value in the correponding cos-
correlation fuonction, is equivalent with the time required for the structures to move from position

R.n to position R•,. As a result, the wind vector can be calculated. This principle is equivalent with

the method described in previous section and has been used to derive the hoizontal wind vector

as described in section 5.2.

4.5 Tfhree-dimensiona situatins with three line-sensors

"Thae wind vector in a horizontal plane can be derived from horizontal lidar measurements

performed in two different directions as shown in seto 4.4. By expanding this idea tothe

lidars, the wind vector in three dimensions can also be found. (It is assumed, that within the

dimensions of the experiment, the aerosol eddies drift only in a linear direction without rotation.).

The practical realization of this principle has been sketched in Figure 4.10.

I2 I

are no necessaz in a ho•ona plane. Location A daemie the required altitde. The
time seie measured at A is ciws colae with all available time series alon the paths 2

-- azad 3. Thorn tim sries which prvie0 th maiu crosscorrelatio values deermine the
locations B nd C.
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In this came, the time series of the anopbeic; stuctucre, nmemred with the first Miar (A) at a
selected location (height) is crows correlated with the time series of the second ikdar (2) ovar all
available locations (heights). From this se of we- -- 'o functions die one doa pnrovdes the
largest coscreaonvalue is chosen to baelog to thdos likemly second location (B). Mwe

tme 901,t whinch corresponds to the maximum value in the cross-courreltion flmction, is
equivalent with the tine required for die structures to drift from position (A) to position (B). In

tie sane way, the best correlation of the tine sad=e from position (A) is selected from the brne
series of fidar 3. ibis ixovides the third location (C) mid the second transit time. 7he fthee

locations A, B, and C define the plane of the wind vector assuming that the structures drift with
the wind and that the size of the structures and the selected locations do not inhence the results.
T-he trangle ABC has been redrawn in FIM.- 4.11.

W/

Q'B-1WI.At 2

08B Q C -At 2: At3

FIguze4.11: Geomnetry of die tiveo ampling locations am delined in Flgu 4.10 from whidi te wind
* vectori is calculated.

Cllainof the wind vector
Forcrkgestucturea,t&e transit time, At2 , to dift frm A(thus from Q) to Bis determineidby the
ratio of the path length Q'D and the wind sped. In the aman way, fth time required to drift forom
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A (from Q) to C, A:3, equals the ratio of QC and the wind speed. To derive the wind vector, first

the angles a and P awe calculated which define fte whole gboonefy of the figure. Then the iliad
dkflion is given by te unit vector along Q13 (or along Q and the wiad can be
calculated from tie ratio of Q'B and Az (or dte ratio of QC and At3 ).

Due to the measuring principle, the wind vector W is in the hadied plane 4 which will be
described by the vectonrs and r being respectively the unit vectmu along AC and AB. If I is a

unit vector along Q-Q' than the scalar products of x with h and with . provide:

r cos(l80-a) - -cos(a) (4.7)

= cos(p) (4.8)

Because:

QB A I t = AB sin(P) (4.9)

QC= lW t3 =AC sin(a) (4.10)

one can eliminate w and find the relation between a and p expressed in measurable quanmtities.

This results in:

AB sin(B) AC* sin(a) = (4.11)
At At3

Because:

o. ++y 180 (4.12)

in which y is given by the geomemy of the experiment and the locations of A, B and C, a second

equation is available to solve for both angles. Substitution of equation (4.12) in (4.11) and

eliminating a leads to:

At3  AC sin(y"co(oo) + iWn)co) (4.13)S= -- "(4.13)
At2 AB in0P)

f
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This provies

tan0A) - hi3  innCj) (4.14)

Elimination of 0 from equations (4.11) and (4.12) leads in the smway to a solution of a..

tan(a.) - sin(y) (4.15)
At2  AC

The wind gods can be calculated either from equation (4.9) or from equation (4.10) using either
equatio (4.14) or (4.15) respectivel.

Expression for the wind dieto
An auxiliary vector L. which is perpendicular to plane 4. can be described by the unit vectorsk
and r, According to:

h - kxr. (4.16)

Note that the cross product of the unit vectors I and h provides the unit vector in the wind
direction (w-pxh which can also be described by the atule product:

11h - lx(kxs,) (4.17)

The left hand side, of (4.17) is equal to the unit vector in the wind x. Elaboration of the right hand
side of (4.17) results in:

x- h (1-) -S.Ib) (4.18)

Substitution of equation (4.7) and (4.8) provides the uniit vector in the wind direction

- c.)&ox. (4.19)

A method has been described to detemine the wind vector. This method is one
ste further thon those published So far, Which derive only the horizontal wind co qn onePn- as a
function of altiude. 71e now method might be inerestng for mappin convectin. 7Ue combined
set of equations derived in this section mid in the previou saction will be used in the nextscto.
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5 EXAMPLES OF LIDAR RESULTS AND THE DERIVED WIND VECTOR

5.1 Introduction

EIpeIiments on the detanuminai of the wind vector with the Micl lidar started in tie spring of

1991. After a period of developing software, improving the laser and improving the receiver, the

routine measuements were started in August 1991. Those mauentswere performed in a

fixed horizontal and fixed vertical dimction to determin the temporal behaviour of the

atmspbre.The Wiar was used also in the scanning mode, in a horizontal and a verfical plane, to

map the spatial atmospberic structure. In a later stage, the triangulation measurements were

promdas well to determine the wind vector as a fuinction of height.

Some of the data sets obtained with the: dual lidar are shown in this chapter. Section 5.2 describes

a subjective imupression of the amount of structure generally found in the data sets (the structure is

necessary for deriving the wind vector). In section 5.3, some results of the horizontal

meaureent ae presented and in section 5.4, some results of the vertical mesrments. In

section 5.5, some results wre presented, obtained from triangulation -esteet to a maximum
AlNtd of 1000 in.

5.2 Statistical overview of the results in the period September 1991 -January 1992

In the period September 1991 - January I99, 82 successful experiments were carried out with the

dual lidar. These experiments consist of a set of horizontal and a set of vertical measurements.

The structure in the dafta sets has been visualized by subtracting the average value from each

sample and by dislayng in fase colour only the variations, within three times fth standard
deviation. The structures obtained were subjectvely cLasified from, 0 (no structure) to 5 (much

stracture). Table 5.1 shows the results of this analysis.



Table 5.1: Number of data ses and their -c~q in subjective desa.., x-vsawm g dw¶h anireum at
UU C bw. ~nss4 md 5 i dict doa thet set is a pafteaial cudidaft fo iversion of

tewind vector. Mwe Wiar mammamums wrer perfumd in doe period Sepmuaiaer 1991 to
iamauy 1992.

Numbeir P9Wt
Ci... HamL yen Ho va

0 49 12 60 15
1 16 30 20 38
2 6 15 7 19
3 1 7 1 9
4 6 7 7 9
5 4 8 5 10

Total 82 79 100 100

The results of Tabl 5.1 Indicate that in only 12% (clas 4 and 5) of the cases teeis sufficient

stuocture to determiine the horizontal wind vector. In the vertical diretion, 19% of the data set

show sufficiet structure.

The large number of occasions with insufficient atmospheric structure might be caused by the

perfect mixing process of the aerosol eddies at low altitude. If inversion layers awe proenat, much

structure is observed at the top of the boundary (enitrainment layer), but this interval is too limited

to determine a wind vector within the whole mixed layer. Above the mixed layer, however, where

less aerosols are present, no structures have been detected.

To determine the wind vector as a function of al~titude, th dar was pointed in thre differet

(elevated) directions as described in ection 4.5. In the period November 1991 to January 1992,

37 trangulation measuremeens were perforamed. The decison to perform such a complicated

measurement was base on results of fth verilcal mneasureme~nt. The data sets wer classified as

shown in Table 5.2.
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Table 5.2: Distbuion ot the classe of the neset of the teulationm meawrneo. See also tern
wit tabl 5.1.

IaM Number Percentage

0 4 10
1 10 27
2 10 27
3 8 22
4 4 11
5 1 3

Total 37 100

Only the cluses 4 and 5 provide sufficiest information to determine the wind vector from the data

sets. This mean only in 14% of the cases, wherea this type of measurment was only performed

if the vertic measurement prolvided enough information. The reason for this low percentage

might caused by the relative long time interval for this type of measument.

5.3 Some results from horizontal measuremnts

Some results obtained from horizomtal me ments awe presented in this section. For clarity,

fir some results for cases with no atmosperic structure we presented. Next, some data sets ae

shown with sfficient sucture. At the and of this section, an overview is given of the horizontal

wind vector determined from a number of data sets.

D=a sets with no ucure

Two examples of data sets which show no or very little Structure, ae presented in Figures 5.1 and

5.2. 1he actual mete situation is printed in the figures.

The vetical linM in the figures might be cused by varation of the reference level or the las

energy. In this stg of the experimen it is not possble to compenuat for thes effects. TU
hmoizonl lines me o0ly pesent in ft figur mad do not influence the final resuts.

The lida" daa st sOwn in FIlgre 5.2 ho some stiucture in the first half of dhe period but with

Umft dgsigalo-M ratio.



Mo.e 911125-240029-1630 36

Toaruum .-1,8 * 0.0 T Trmmuiss -88,7 *±3,4 %
Wet bob .1, IA *0,0 *C Sciuoflnmi - 102 *±0,0 -

ReL Humdfty - 93, * 0,4 % Whad qmsd - 2,65 * 0,7 mls
Phremu - 1009,7 * 0,;5 bPa Wnd direcdon - 142,2 * 3,9 Dsp.
Visbility . 4,4 * 0,05 kin

FIgum 5.1: Imag Vmui dM.0gv fi OMf Mh I~Irc scaundag m muse ed wkh twoa Hbbu Upper
figmanu Raw dab~ ads cn fte Mfhes Lower f0gums Sum daftat = as
fig.. afte desmtbag of dhe rows. Hcadmal amis 0-272 s. ,al axLs 0-2352 Za~fx



pareFile: 911127-27063138-0631-0636 37

Teamlmum -9,37 ± 0,08 C T"iu u -67,74 * 3,X
Watb* -.8,00 ± 0,00 "C 3cwldoul _ -2,46 ± 0,35 -
ReL Hfohlt - 83,71 * 0,938 % W'md qwed - 0.32 * 0,27 m/s
Pmmi - 1020,99 * 0,26 hP WMad drectAm - 98,82 * 1,55 DeF.
Vbi y - 2.75 ± 0.04 lm

Fig"m, 5.1- 3mg vm don agm ots R' at=
imoned by As. 1Bd. Lwma ftgr:Sm. = 'Udn Uppra u i m: a o mug a

daf oft as Upe gue- k dfHdmnmil adi: 0-271 s; v•"l axks: 0-2016 m, for lam& idfte
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Data set wit structu

In soe situations the lidar detcts much atmospheic ftructure. This may occur both during

(light) preipitation but also d~uring very clea atmospheric conditions.

Thne first example of an atmosphere with much structure is shown in Figure 5.3.

Figure 5.3 shows the spatial-temporal behaviour of the atnospheric aerosol structures as

measured with one lidar. This example with so much structure is very uncommon. Unfortunately,

no results of the second lidar are available. 7his data file has been elaborated in more detail in

Kunz, 1993.

Other examples of inhomogeneous horizontal atmospheres, as measured simultaneously with two
Midars, ae shown in Figures 5.4 and 5.5. Because the wind is almost in the direction of the lidar,

the patterns have negative slopes with respect to the horizontal axis, ie. the structures are
advected toward the lidar and get closer between each sounding.



Pwg
Mie. 91 1001-010954504)9014)M0 39

Tyfi -11,6 * 0,02 *C Tiussionisix - 91,2 * 1,4 %
Watbuflb - TSciigi~llam - 5,5 *0,68g -
RaLlHmiau kiy -86,6 * 0,3 % WindqWood -5.81 * 1,92 rn/S
Posellm - 994,1 * 03 h~a Winddkeclam - 205,6 * 5,83 Dow.
V ~ihiiy -5j9 *0, %l

Pgm,5.3: ZWwipm mw dwa s musained bylb* HMi. Lomw figme sam dmaf Ami ddrnilag
axis 0-128 s; vuial a*i: 0.139 in.
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Mie: 911024-24083640-0835-0845, part 1 40

Teauparure - 10,07 * 0,10 -C Troasmissiou -91,44 * 2,54 %
Wet bulb - 9,27 * 0,10 *C Scigluation - 2,889 * 0,269 -

ReL Humidity - 95,80 * 1.36 % Wind speed - 2,68 ± 0,73 mis
Pressure - 1024,50 ± 0,23 hPa Wind diretio - 281,83 ± 2,49 Dog.
Viiilfty - 43,25 ± 0,004 km

igure 5.4- Upe igr:w daft an mwaired by due lidar. Lower figure same def after debtzutig.
Hbiglzalais: 0-272 s; vertical axis: 0-1680 m. for each lidar. See also figure 5.5.
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Figur 5.5: Couihind fromi figur 5.4 Upe iguwracw dofta nasmiured by the lkiar. lower fig=r:
-m daft ofter deuaih NOWg. flrzualxii: 0-272 s; veftclW axL&. 0-1680 in, for each 'eader.
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Aa,,ais of the lid" data from EMUre 5.4 and 5.5

a. Radial wind speed derived from the direction of the patmns

The dope of the miuciurs, with respect to the horizontal axis, provides the radial wind

speed. The estimated value for the slope is about 7.06 m/s (1920 m)272 s) while the actual

wind speed was about 2.68 :k 0.73 m/s. This large diffesence will be discussed later.

b. Wind vector determined by cross crrelating time functons

The dual lidar provides the possibility of measuring the transit time of the atmospheric

aerosol eddies between the two lid.r axes as discussed in the previous sections. In this

example, the time series at a certain range from the first lidar is cross correlated with the

time series at different ranges from the second lidar. That pair of time series which provides

the largest value in the cross-correlatim function, indicates the maximum likelihood of the

structure. The time shift of the peak in the correlation function gives the transit time. In this

example, the time series of the auxiliary lidar at 750 m is cross correlated with the time

series of the main ldar between 540 and 1140 m. The maximum value, the time shift and the

uncertainty (90% value) in the time shift are shown in Table 5.3.

Table 5.3: Maxinuim values of the cos-coirelatim functo and the time diifts. Data file 24083640.

pin UrMs -WK
idat gini tr. O- sa

640 0.655 11.2 4.8
WS 0.632 102 4A
670 0.620 6.4 4.1
675 0.611 5.1 3.7
685 0.2 3.7 3A
693 0.566 2.7 4.1"700 03537 IA 3.7
70B 0.A38 0.7 4.1
713 0C4AN -IA 3A
723 0.387 -2.O 3.1
730 0.3 -3.1 3.7
745 0.A5 .4.1 4,3
760 0.641 .44 .5.1
775 0.735 -3. 5.1
79 0.76 4.5 5SA

OM53 -uI s
n0o 0.749 -13.6 61
on5 0.777 -1.•3
$50 0514 -0.1 64565 0.740 1.1 '6.8..,OusO OAO At V.
no 0Am5 -2 7.5

5 03 -2.1 7.1

90 0.709 -32.6 6.
1000 0.710 -39.5 .8"
105 oM48 4 1.6 7.5

The results of the analysis, expressed in actual range and time, are shown in Figure 5.6.
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MAX. CROSS CORRELATION VALUE
and TRANSIT TIME

- Crs-Crr + Shift

1.00

0.90

0.80 J

z 0.70 I e*,

S0.60 4

w IL

W 0.50 20 u

0
0.40

o 0.30

-20

-40S . . . . . . ..... ..... ... .60

550 750 950 1150

RANGE 2-nd lidar (m)

(RANGE I-s! LIDAR: 750 m)

Figure 5.6: Rm from the ros-c•r caion calculation. The dots indicate e maximum value of the
a M 0 functions (left scak). The pusigns and the en ars indica the time

Suime seriea fiom the iadmy lidar at 750 m and from the main r dar at 906 m are shown in

Fin 5.7a. Autonem functimons dmrived from the main dar dam, calculated at cen-t of the
tie um-i Over diffemt tie •ndow, we shown i Fimre 5.7b. The aoss-mvlato h

of the time limd faom the ma ldr with the time $amies frm te aXiiy ldar, we shw m

Figur 5.7c.



T"NONm

Pa

I aux ---- main

288 A 192

256 SCAL- 160

)A RIGHT SCALEL" :

S224 - ____ A 128
64 I A-32

xT
32 .. . .. . .. . .. . .. . .. .. . . .. . . . "6

192 -- 96
z
1U 160 .0

12 ) 32

z __0.50

2 96 0

64.6

0 100 200 300 400 o 50

TIME (Fsc)

b - v08. ".136. - -v204. - c.8 .2 - - 20 s

1..00 -"__ - - - - 1.00 A - - - -

zo 0.5 0-- - - 0 0.50 ()

w
w

or 0
0 0

.c 0.00 cc -0.00

-0.50 - -- a-0.80 a

-30 -20 -10 0 10 20 30 0 -10 .20 430 .40 -50 -60

TIME SHIFT (eec) TIME SHIFT (amc)

Figur 5.7: Tune msosa from Figur SA snd 5.5 (a). Aitocoueiadm f~uadom of the main lidar, at
9061 m zW, in fth cur P- of the dame sedus with thre time Wbwids (b). CEosswrewluion

* Auctiomd with the azzflimy &W tr 750 m znog (c).



ThOm�

Page
45

The characteristic life time, t�. and the chwteristic size, z�, of the sttnctures have been
calculated from the auto- and cross-correlation functions according to equations (4.1) and (4.2)
resulting in: t�- 23.7±0.5 saud x�- 184.5*1 m. The uncutainty shown follows from the variation
of the three correlation functions, however, the actual uncertainty can only be estimated after
analysing all the time series.

Prom FIgure 5.6, the uncertainty in the position of the peak in the cross-conelation function (90%
values) has been indicated. This nans that the data record of the second lidar comes from range
907.50±17.37 m and has a delay of 24.1 1*6.8 s. Taking into account the geometry of the dual
lidar, the calculated wind speed becomes 7.11±1 mis and the wind direction becomes 314.90±2.2
degrees with respect to North. The actual wind direction was 281.8±2.5 degrees and the wind

speed was 2.68±0.73 in/s.
To find a reason for the discrepancy between the lidar and the cup anemometer, the data file was

also analysed at other locations in the record. Moreover, other data files with sufficient structure

were analysed. If possible, also the wind speed was derived from the direction of the patterns in

the false colour figures. The results of these analyses are summarized in Table 5.4.

Table 5.4: Sumnmazy of the results of the wind speed analyses

ibis file whi wp inamaw ia� whi dmlvei wMhflibr kisz
911024 24013640 2.6W.49 251.35*5.53 7.06 6.�14.27 294.19* 9.43 50

6.34ik 1.26 292.63* 2.03 75
6.73* 1.55 254.75* 1.97 100
4.7� 1.20 239.63* 2.95 125
5.� 2.33 273.49*11.29 150

911025 25100943 0.53*125 109.14*2.13 3.20 3.53*020 11633*0.60 50
3.15* 0.46 113.19*033 75
3.53* 0.46 116.23*330 75
4.23* 0.46 118.19*0.53 75
3.87* - 106.99* - 100
3.93*- 102.73*- 100
534* - 113.67* - 100

911106 06093624 5.45*131 24433*2.7 9.13*14.40 269.06*53.70 40
739*11.80 244.2�3A0 50
5.63*3.62 234.47*36.51 50

911106 06045333 5.93*1.11 331A1�.13 730 6.07*3.25 329.99*10.24 40
6.47* 7.20 69.9�4.61 40

A 5.21*2.57 32939*10.24 40
6.� 36 351.87*19.00 60
7.13*2.53 340.25*321 30

91 1217 17145700 5.01*144 209.55*5.25 - 3.41*14.33 27631�0S9 60

911204 04163230 0.3�.31 241�.61 2.74*6.37 269.03*1OLO 40
3.74* LIS 299.23* LIS 40
1.13*0.51 259.23*524 40

911211 11145550 1.54�.64 12737*3.92 2.80 2.73*1.30 132.43*5.31 40

911220 20142702 1O.lbkL62 296.73*1.26 - 20.63*10.73 254.73*24.23 50
20.41*3.83 300.13*42.00 50

mizs 15130753 1S�.56 322.81*537 5.0

mm 27092453 1.75�.O 23�75 3.9

ii _ ___________________
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The results hum Table 5A have been surnuwimed in F~gur 5.8. To clinif both die diffemen dama

files end standard dsviationi in the results, two figures have been made. The left figure diows the

-eo results keen the different wmeasuig peid end the WifEen dats afle while the right

figur displays only the wamn results end the amro bors

I IA 2 0 3 4£A 5
*6 7 a 09

25 25

20 *20

S15 15

o 10 0 10
W 0 IU

0 5 10 I5 20 25 0 5 10 15 20 25

3ýPEED ANEMOMETER in rn/s SPEED ANEMOMETER in mis

F~gur 5.8: Mean horizoutal waild see as derived wilh the lidar versu the wind speed as measured
wih b cup =wiauineer (Wi). 71ie differcut symbols rder to diffe, , duta fles as

Wicte i Tbl 5. beme vabes mard the stnded deviaon (righ). Noft dugn the

The relatio between the horizonta wind direction as derived with the lidar and measured with

the wind vane, selected from different data filies, is showni in F*gur 5.9. The left figur shows the

amenz values of differen data files mid different perids; the righ figur shows the standard

deviations
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I A£ 2 0 3. 4* A 5

360 *360 ~~1~

0 27027

0

g io W is0

0 0 Io 20 300 90 Igo 270 360

DIRECTION ANEMOMETER in DEG wrt N SPEED ANEMOMETER in DEG wrt N

Fiur5.9. Horlzsa wind dirctift as; duwied wth the Mi vam the wind directio as msincantd
with hewindvms(lef). Dffaug symbolsrfer to djiffn dta tfilesashindcatedjnTabl
5.4- Same a the righ figure ba with Mmad devittions (lf). Note tha the largae=ta~

Horzonta mesnammnet WiO the dud alrd have shown that a 12% of &e, case ther is
sufficlienft smucte for the deamnumatmo of Me wind vecto. In the other case the atmospher
was well mixed Or03 sig4al1to noise ratio was too low. A number of horizna dual 1Mw dat
files with sufficient s tructur wVIM mlsewd for calculating ft wind speed and direction. It
appeardotht the wind direto las dwkved with the lid. shows a good crealatioin with the data

frm h wind vane. On the odwu hond, 03a wind speed is alay ighe than the reaiding of the
cup ane31MaMestr. (Mis was a reso to conupe ft cup animenvuts with an o&thOer. In a late

£ stageMIDthe cup uusmOnO was coapered with am ulta sotic anemoninte.) As expeceed in
sitatios where ft wind -a cotld alo be dethved from the slop of the srcftures din 03fase
colo= 0811gure111, On results cawespond well with thmn obIt- - with 03 cmsccrlain tod
A res c hr do discapomcls between 03 lHd, =d die CW Wn.w mightd be the vertical
comanisit in 03 wind. Asecning and descening tucIVuresII C1111 a11o induc Me ltucses in t03
bahoriona defta which cams be distingishd from1 03 hoionta drift of the structres This
effect has been idiated in Figure .10.
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HORIZONTAL DRIFT VERTICAL DRIFT

LIDAR IA

Figur 3.10: Bimrnyl of - uq~gc m "~ whch doe Un samne effect in a Mma dmafst i f it
&Ifis eMWe buiuoael~y or vudcafy.

An other reason for the discrepmeiy between the Wiar and the cup enemometer is the difference in

height of the sensing volunmes. 7he 7M metmo-tewer, with the cup anemomete on top, is

situated in a hollow of the dune while the Wiar, for safety reasons, xmeasre always over the

dunes. Because, in the lowest pat of the mined layer, the wind bicrease as a function of altiude
the lidar derived wind speed is, always larger. At this stage of the experiment it is not possible to
conpensat for this heigh differnce.

5.4 SoMe results from vertical -isuemni

Some examples of Hdar returns, measured at an elevation angle of 33 degrees, are presented in
thi section. Both the raw liar data and the processed data are shown, including the actual meteo.
7he processed data is obtaind from the raw dafta byr deftenting per row. The first two exunples
we selected from the grou in which the returns show only very limited amount of structure at
low altitude while the other two exanples have ninch mere structiuroer th e whole vertical
range Vertical idar measmumenins provide infomaton on the atmospheri strctixe a= function

of alftitde being fth basic info dmato for wind calculations.
Figur 5.11 is an exmupl of a situation where the amurspher is well mixed to an altitude of
about 700 in. Above this heigh a cloud is detected which provides some structmr in the interval
fram 700 in to 900 in.
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Tomam~surc - 5,6 * 0,10 oC Tzmmuium - 89,90 * 1,63 %
Wetbtub -4,14 * 0,09 -C ShiMm - 3,64 * 0,30-
RaL Hnniddy - 79,28 * 1.30 S WindWood -0,34 * 0.29 rn/S
p1.... - 1034,64 * 0,28 bPa Winddkucdo - 305,96 * 3.91 Dep.
Visiblil -4,69 * 0,69 kmn

PFp. 5.11: leago of lid. rnmmnwnuii et m dowsomo an&l of 33 de~.S. MWo atmoupbm is
omo~ns.(Weo nza ha C iinil asyu bftc.r * 0 to 700 a.Th dlbs c ath uan ukbw

of bot 50 bsiniam sam oboe"", mt diet be~hLtoduwalaxsb: 0.272 s ~rda"
ais: 0-2016.m for each Id.~
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TeMMUMe -16,20 ±0.02 "C Trmulan -91,09 ± 1,21 %
Wetbuib - T Scintilakdm -11,19 ± 0,945 -
ROL Elanidity - 77,09 + 0.202 % Wnd Wod - 6.47 + 1.26 rn/l
Pnuoum - 1004,14 ± 7,136 hPa Wid duckum - 224,36 ± 4,81 Deg.
viiNIIiy -8,66 + 0,19 km

Flgu 5.12: ROlaa of Udw mfhmuunmuta atm indvMan amu& of 33 dqmus. Undnksfn swmxums atm
defeind fr about 300 tdwam 700 m adhid HEkdznWl axis: 0-187 a; vdcal axis:
0-1536 a, for each ldm'.
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Some more stucture over the whole range of the lidar is shown in Figure 5.12. However, in this

example, noise obscures the atmospheric structure.

Tbe white vertical lines in the lower panels of Figure 5.12 we caused by interference from the

graphical display to the lidar receiver. This occurs sometimes. The reason for this cross-talk is not

understood.

5.5 Some results of triangulation me am

The triple lidar has been simulated by pointing a single lidar consecutively in three different

directions. Five single shot measurements in each direction were averaged to improve the signal-

to-noise ratio and to mnimize the time spent to point the lidar in the desired directions. The raw

triple-lidar-data-set of the first example is shown in Figure 5.13a, the data after dettenting is

shown in Figure 5.13b.

_ _ _
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The data set shown in Figure 5.13 was analysed with the assumption that the wind vector was

stratified horizentally. No vertical component has been calculated here. The horizontal wind
direction thus derived as a function of AltiNde is shown in Fig=ur 5.14a. The wind speed as a

function of altitude is shown in figure 5.14b. The variation in the consecutive data points can be

considered as an indicatim for the uncertainty. (In this stage of data processing no error bars were

calculated.) A second example of the triple idar method is presented in Figure 5.15.

1200 1200

1000 1000 3

a80080

c C

600 * 600 0

400 400

200 200

0 .......... 0 . . . . . . . . . . .

0 90 180 270 360 0 5 10 15 20

WIND DIRECTION vs NORTH WIND SPEED in m/s

*Fgnur 5.14: Horizonta•l wind directio (let) and wind speed as a functio of alitde (riht) as derived
with a triple lid•r measmremint

A _ _ _ __ _ _ _ _
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Temperature - 3,61 ± 0,11 C Transmission - 90,98 1,22 %
Wet bulb -2,01 ± 0,04 'C Scintillation - 6,29 ± 0,71 -
RAl. Humidity - 76,08 ± 1,59 % Wind speed - 0,87 ± 0,37 m/s
Prelfure - 1037,6 ± 0,21 hPa Wind direction - 280,86 ± 1,39 Degr.
Visibility - 39,73 ± 0,77 kIn

Piguzm 5.15: Raw ildar data in false colour u measured in duee different directions in a time versus
height figure (a). Results of the same data set after detreting (b). Horizontal axis: 0-789 s;
vertical axis: 0-1440 m.
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In this case, the thre-dinnsional wind vector was calculated as function of atitude. The results

wre converted to horizontal wind speed, vertical wind speed and horizontal wind direction and are
shown in Figure 5.16.
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I Fqpmr 5.16: Hozn wind directin am a function of ahitud (a), horizonta wind speed as a functim of

•. ~aktiude (b) and the ver"ca wind component (c).

70
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The applied algorthm provided no cow bars but the vaiation in the results may give an

impression of this aspect. At altitudes below 100 m, the results were calculated at each available

range bin. Above 100 m, the wind vector was calculated each fifth range bin. At low altitudes, the

calculated wind direction corresponds with the results of the wind vane. At higher altitudes, the

spread in the wind direction was less than at lower altitudes. At low altit , the calculated wind

speed is about 0.3 m/s. This is within the range of the wind speed as measured with the

anemometer. The calculated vertical wind speed shows more variaion at low altitudes which

might be caused by turbulence or by the uncertainty in the data. At low altitudes, the uncertainty

in one range bin or one time bin has more effect than at larger altitudes.

No reference instrument was available to verify the results.
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6 SUMMARY OF ACTVIT•IES AND RESULTS IN THE FIRST PERIOD

This report covers part of the activities of the project 'DWARSWIND', A90K696, in the period

January 1991 to March 1992. In that period, a large amount of software has been developed for

the new hardware (controller for the equipment, graphics di&lay and the fast Fouier board.

See Kunz, 1992a.). Furthermore the bleachable dye Q-switch of the lae was replaced by a

normal Pockels-cel This resulted in better law stability. The interfeence fiters in the receivers

were replaced by types with a smaller bandwidth and the noise performance of the receivers was

analysed and improved. It is expected that the electronic noise can still be reduced by about a

factor 5 if other components are used. (See Kunz and Moerman, 1992.) In the second half of 1991

the hard- and software were sufficiently reliable to start measurements on a routine basis for this

project.

It appeared that only part of the measurements showed (sufficient) ,xucture to calculate the wind

vector. The amount of structure has been determined subjectively "rom false colour images of the

data sets (for this purpose, only the variations within three times the standard deviation per range

bin are displayed). The results of this classification were presented in section 5.2.

In the second semester of 1991, software was developed to calculate the horizontal wind vector

from the (horizontal) dual lidar measurements and to calculate the wind vector as a function of

altitude from lidar measurements in three different (elevated) directions.

The results from the horizontal measurements show that there is a good correlation between the

lidar derived wind direction and the wind direction as measured with a wind vane. The wind

speed as derived with the lidar is higher than the results from the in situ measurements. Possible

reasons for this discrepancy could be the vertical component of the drift of the structures as have

been discussed in section 5.3, are the position of the cup anemometer in the dunes and the

difference in altitude of the sensors. The time required to perform a lidar measurement is of the

order of a minute. However, calculating of the horizontal wind vector takes several minutes per

range bin at this moment.

By measuring sumltaneously in three different (elevated) directions, the wind vector can be

determined as a function of altitude. Te principle described in the literature is based on the

correlation of time series of the backicattered radiation from three different time series at a fixed

height. The proposed method, however, derives the three-dimensional wind vector as a function
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of altitude. he triple Wdar method has boen simulated by pointing the Wadr subsequmtly in thee

diMeent dictions. Two sma of lidar data with sufficient structune were analysed, the first one

with the assumption of a horizontaly stratified wind vector and the second one with)u this

limitation. Although the results at low altiode awe compmable with the data from the cup

aneomt/wid vane, a direct in situ comparison is not possible at the monmet. Te time

required to measue a triple set of lidar data varies from 15 minutes to about 30 minutes. This

time can be improved by using the second lidar with a better logarihmnic amplifier or by

constructing a lidar with three axes. At this moment, correation. calculations for the three-

dimensional wind vector as a function of altitude requires several hours of computer time.

It is worthwhile to verify whether lidar signals revealing stru s ame (partly) due to refractive

index variations of the air. A brief preliminary discussion of this topic is presented in Appendix

D. In the framework of this project, the author has described this topic in more detail in a separate

report (Kunz, 1992c). See also Kunz, 1993.
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7 FUTURE ACTIVITIES

The experiments performed and the results obtained have shown that the wind vector can be

sensed remotely with a Mie lidar using direct detection. The technique is mainly based on cross

correlaing time series measured at different positions. Amon others, a task for the futore is to

improve the inversion schemes and investigating other mathematical tools like simulated

annealing and cross spectral phase analysis as proposed by Hooper and Eloranta (1986).

At this moment, the three-point measurement is based on measuring consecutively in three

different directions. With the dual lidar, however, measuremets in only two different pointing

directions of the platform will suffice in theory.

The lidar hardware itself can also be improved on a number of points:

- suppression of the interference which occurs during the rotation of the platform

- stabilisation of the laser output with a new Pockels-cel

- using a better log-amplifier in the auxiliary lidar

- improvement of the mechanical stability of the beam of the auxiliary lidar.

In the near future, lidar meaurements will be performed near the 213 m high mast of the Royal

Meteorological Institute.
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Appendix A PW
A.1

HORIZONTAL AND VERTICAL TANGENTS TO AN OBLIQUE ELLIPSE

This appendix descmbes some basics for analysing the chractiic ellipse as shown in Appendx
B and C. Here, only the coordinates of the horizontal and vertical tangents to an oblique ellipse

are calculated. The geometry is shown in Figure A.I.

Y T(x,.,,,y.,,)

tane -V

/. (Xm,,,YJ

X

/

FPiu= A.1: Oblique ellipse with its horizontal &M veitical tonget.

The oblique ellipse shown in Figure A. 1 can be desm'bed by:

(x+V.y)2  y2
a +- - (A.1)

wher:
2a - 1mphil of the horizontal aids

2b - lenglh ofthe vertical ais

V - coefficient of rotion of the ellipse

"The (upper) horizontal tangent and the (right) vertical tangent to the ellipse w'e detemined by

coasideing equation (A.1) as a implicit funcion of x and y which can be dacribed ar
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(x + V-y)2  y2  (A.2)
a2  + 1-0

The hm t metfollows fr-om."

i)F
-= '0 0 (A.3)
ax

which leads to:

x + V-y=0 (A.4)

Substitution of (A1.4) in (A1.1) gives:

xmh = ±b l.V and ymi=+b (A.5)

The vertical tanlent follows from:

aF
-fi 20 (A.6)

which leads, after some algebra, to the line on which the extremum must lie:

-.V -b2.-X
y = a2 + V2. b2 (A.7)

Substitution of (A.7) in (A.1) leads, after some algebra, to:

X = ±i4(a2 + V2 , b2) (A.8a)

and

V~b2

Ym, = ± _,.. (A.Sb)4(&2 + V2 . b)
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DERIVATION OF THE CHARACTERISTIC PARANMEERS OF AN OBLIQUE ELLIPSE

An oblique ellipse can be described by equation (B.1). In this appendix, some methods are

described to calculate the parameters a, b and V.

_A • -a ch I

Input parameters are the intercept with the vertical axis at coordinates (0 ,yo) and the vertical

tangent at coordinates (xl,yl).

Yo

/\

/ _ ý (x,,yl)

• X

Figure B.l: An oblique ellipse with the intercept at coordinates at (O,yO) and the vertical tangent at
coordinates (x1,y).

The oblique ellipse is described by:

(x+V'y)2  y2

a2  + 1(

where:

2a = length of the horizontal axis

2b = length of the vertical axis

V - coefficient of rotation of the ellipse

The ellipse is shown with the horizontal and vertical tangents in Figure B.1.
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The basic equations to calculate the parameters a, b and V, of the ellipse are:

coordinate (Oyo) (B.2)

x1
2 = a2 + b2. V2 , see equation (A.Sa) (B.3)

Y! -V '-b2
x1  (a2+V 2 "b2 ) see equation (A.Sb) (B.4)

Solving aramete b:

From (B.3) and (B.4) an expression for V2 , b2 is derived. This leads to:

V2 . b2 =y 1
2 .x 1

2  (B.5)b2

Using (B.1), (5.2) and (B.3) an other expression for V2 . b2 is derived:

V2. b2 . X1
2 . (b2" -y 0

2 ) (B.6)
b2

Combining the equations (5.5) and (B.6) leads to:

Ib = k(yo 2 + y1
2) (B.7)

Solving the aRgmete V:

Substitution of (B.7) in (5.5) provides an expmson for V:

Sbtt(y0i + y.2) a5.n)

Solving the Rummet a:

Substitution of (B.7) and (B.8) in (B.3) pwroides a-, oes/sion for a,:
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Xi "YOa =4•(y,2 + y0-2) .9
+ Yo 2 )(B.9)

Conclusion:

The parameters of the characteristic ellipse can be calculated, if the coordinates of the intercept

with the vertical axis and the coordinates of the vertical tangent are given.

AMxQh 2

The characteristic parameters of an oblique ellipse can also be determined if the intercepts with

the vertical axis and with the horizontal axis are given and the intercept with the vertical through

the horizontal intercept. This is shown in Figure B.2.

Vt
42)Y2)

(x1 ,O)

Fqgure B.2: The cdamcteristic ellipse, crossing the vertical and die horizontal axis respectively at
coordinates ( 1y2) and ('xi 0 ). A third coordinate is given by the vertical line through (x0,O)
which crosses the ellipse at (xlyl).

The equations to calculate the parameters of the oblique ellipse are:

x2 I or a2y 0  (B.10)

(a
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(xI + V" y1 )2  y12

a2  -1, 2 (x 1,Y) (B.11)

V2.y2
2  y22  (.2V2 -Y + Y2 . 1, (0, Y2) (B8.12)

a2  (O2 2

Substituting of (B.10) in both (B.11) and (B.12), while eliminating b2 results in an explicit

equation for V:

(x1+V.y 1 )2  1 1 (B.13)

y1
2 .*x1

2  yl 2  x1
2  y22

Some algebra leads to:

2. =y2-- * 0 .14)

The parameter b can be found by the substitution of equations (A2.10) and (B.14) in (B.12). This

results in:

yI2 1 1
+Y 2 (B.15)

which leads direcdy to a solution for b2 :

b2 4 4 "y2B
4 -y22 - y,2 (B3.16)

-----
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A GENERAL SOLUTION OF THE CHARACTERITC PARAMETERS OF AN OBLIQUE

ELLIPSE

In Appendix B, a solution was given to derive the characteristic parameters of an oblique ellipse

in two special situations. In this appendix, an attempt will be mnde to solve the characteristic

parameters in the case that the intercept with the vertical axis is given and two other coordinates,

which describe the intercepts with an aibitrary venical, as shown in Figure C. 1.

/

/
(ix1, Y3)

Fiure C1: Th characteristic ellips with the iercept at the verical axis and two points crossing an
arbitrary vertical.

In princle, the problem can be solved completely because three paramers describe the ellipse

and three coordinates are given. However, it appeared that this problem can only be solved with a

very lengthy algebra which has not fully been described here. For example, the final equation for

the paramer V is:
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V2. yY 32 y22

[-2.-xiy 2  2x, 2x, 2-x, 1
+ V Y 3 +] + (C.1)

L y2.-Y32 Y2"*Y3 2 YY32 YI'Y22 1

2x 1
2  

__2 + 2 = 0

Y12.Y3 2  Y22 Y32  y2 'Y22

The solutions for the parameters b and a are even more complicated.

Although this solution is more general and includes the other two described in Appendix B, the

complexity of the solution does not justify its elaboration at this moment.

Nevertheless, the advantage of this method would be that a more general solution becomes

available which can use different values of the cross- and autocorrelation functions as discussed

in Chapter 4 and 5 of this report. This would improve the quality of the solution because a larger

interval of the functions is used in stead of only one point.
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AN ESTIMATION OF REFLECTION OF AIR LAYERS AITM DIFFERENT TEMPERATURE

AND PRESSURE

Thus far, it has been assumned in this report (and also in the literature) that atowspheric structures,

as measured with lidar, are a resul~t of (driftng) wcosol structures. The difference in oaeml type

andor concentration of these sftrucre causes a modulation on the backscattered signal.

However, it is als possible that the signal varies due to local differences in refractive index. The

anmospheric refractive index varie with temperature, pressure and relative humidity. If these

variations are large enough, they can act as spatial Freuiel reflectors.

The objective of this section is to investigate the effects of local refractive index variations on the

reflected signal.

The value of the refractive index of air, which varies with temaperature and pressur, can be found

in several publications like Brookner(1977), Cliffort (1977), Zuev (1982) and Falcone and Dyer

(1985).

(na -l= 77.6.-(I +7.52 -103 - X2) p.~ 10-6 (D.1)
T

in which:

na- refractive index of air

X- waveiength of the radiation in pin

P - pressure in mnifli'bars

T - temperature in K

Literatur On this subject indicates thast the relative humidity has oarly a mnrinfluence on the

refractive index for radiation in the visible part of the elcrmgnetic spectrum. Therefore, the

total variation in the refractive index can be described by:

dnm t-&+ý!-dT(D.2)
ap aT
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In in atmosphere with a temperature of 300 K and a pressure of 1000 mBar, the refractive index

at a wavelength of I m varies about 0.7 if the tempe e vri 0.1 K and the pressue varies

0.I mBar. As aresul die reflection is about 10-14. In out situatim, where die lase powe is about

I MW and the none equivalent power of the receive is about 5 nW, the amount of power

reflected from such an air layer is detectable.

A first investigation shows dat saep like differences in temperature and pressure might introduce

variations in refractive index of air which ae strong enough to produce detectable reflections in

the lidar receiver. A more extended description of this subject has been published by the author

(Kunz, 1992c).
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